In most sexually reproducing plants, a single somatic, sub-epidermal cell in an ovule is selected to differentiate into a megaspore mother cell, which is committed to giving rise to the female germline. However, it remains unclear how intercellular signaling among somatic cells results in only one cell in the sub-epidermal layer differentiating into the megaspore mother cell.
In Brief
Female gametogenesis is initiated from the somatically derived megaspore mother cell (MMC). Su et al. provide evidence that the THO/TREX complex, together with RDR6, inhibits excessive MMC formation through a TAS3-derived ta-siRNA, which patterns ARF3 expression in Arabidopsis ovule primordia.
SUMMARY
In most sexually reproducing plants, a single somatic, sub-epidermal cell in an ovule is selected to differentiate into a megaspore mother cell, which is committed to giving rise to the female germline. However, it remains unclear how intercellular signaling among somatic cells results in only one cell in the sub-epidermal layer differentiating into the megaspore mother cell. Here we uncovered a role of the THO complex in restricting the megaspore mother cell fate to a single cell. Mutations in TEX1, HPR1, and THO6, components of the THO/TREX complex, led to the formation of multiple megaspore mother cells, which were able to initiate gametogenesis. We demonstrated that TEX1 repressed the megaspore mother cell fate by promoting the biogenesis of TAS3-derived trans-acting small interfering RNA (ta-siRNA), which represses ARF3 expression. The TEX1 protein was present in epidermal cells, but not in the germline, and, through TAS3-derived ta-siRNA, restricted ARF3 expression to the medio domain of ovule primordia. Expansion of ARF3 expression into lateral epidermal cells in a TAS3 ta-siRNA-insensitive mutant led to the formation of supernumerary megaspore mother cells, suggesting that TEX1-and TAS3-mediated restriction of ARF3 expression limits excessive megaspore mother cell formation non-cell-autonomously. Our findings reveal the role of a small-RNA pathway in the regulation of female germline specification in Arabidopsis.
INTRODUCTION
Germline specification is a crucial step in sexual reproduction. In plants, the reproductive lineage does not arise early in development, as it does in animals; rather, the germline is specified during flower development [1] . Within the female reproductive organ that houses one to many ovules, depending on the plant species, a single somatic, sub-epidermal cell in each ovule is selected to differentiate into the megaspore mother cell (MMC), which is committed to giving rise to the haploid, multicellular female gametophyte. The specification of the MMC is of critical importance, as it is the first committed cell of the female germline lineage. In light of this, how signaling among somatic cells, or between somatic cells and the potential MMC, occurs to ensure the specification of only one MMC is of much interest.
Recent studies have begun to identify components of the molecular network involved in MMC differentiation. Emerging data suggest that small RNAs play an important role in MMC formation. In maize, ago104 encodes an ARGONAUTE (AGO) protein critical for small-RNA-mediated gene regulation. An ago104 mutation results in the failure of MMC meiosis, leading to the formation of functional, unreduced gametes. The AGO104 protein is present in the sub-epidermal cells surrounding the developing MMC, but not in the MMC, suggesting that cells surrounding the MMC produce an ago104-dependent mobile signal influencing MMC differentiation and/or behavior [2] . Maize dmt103 encodes a methyltransferase homologous to DOMAINS REARRANGED METHYL TRANSFERASE (DRMs) in Arabidopsis, which along with small interfering RNAs (siRNAs) and other proteins are involved in both DNA and histone methylation via the process known as RNA-directed DNA methylation (RdDM) [3] . It is expressed in ovules in a restricted zone in and around the specified MMC. Downregulation of dmt103 leads to additional cells near the MMC to enlarge, perhaps reflecting that they take on partial MMC character [4] . In rice, ARRESTED AT LEPTOTENE1 (MEL1) encodes a member of the AGO protein family and is probably an ortholog of Arabidopsis AGO5 (AtAGO5). MEL1 is located mostly in the cytoplasm of germ cells and associates preferentially with 21-nucleotide (nt), phased siRNAs [5] . In rice mel1 mutants, some MMCs fail to undergo meiosis, leading to the absence of the female gametophyte in some ovules [6] .
Arabidopsis AGO9, which binds 24-nt small RNAs derived from transposable elements (TEs) [7] , and RNA-DEPENDENT RNA POLYMERASE 6 (RDR6) encoding an RNA-dependent RNA polymerase involved in the biogenesis of trans-acting siRNAs (ta-siRNAs) and other siRNAs [8] [9] [10] restrict MMC formation to a single hypodermal cell in the ovule. Loss-of-function mutations in these genes lead to supernumerary MMCs in ovule primordia [7] . The AGO9 protein is present in the cytoplasm in the epidermal layer (L1) of ovules [7] but accumulates in the nucleus of the MMC [11] . In both ago9 and rdr6 loss-of-function mutants, the supernumerary MMC phenotype is not completely penetrant, i.e., only a certain percentage of ovules show such phenotype, suggesting that the MMC specification program has builtin genetic redundancy.
Despite the aforementioned genetic data implicating the involvement of small RNAs in MMC specification, the small-RNA species involved in this process remains unknown. The incomplete penetrance of the mutants also indicates the existence of additional regulatory mechanisms. To obtain more insights into the genetic and molecular bases underlying MMC specification in Arabidopsis and to further elucidate the regulatory function of small RNAs in this process, we carried out an ethyl methanesulfonate (EMS) screen in an rdr6 background to identify additional factors with roles in regulating MMC specification.
In this study, we uncovered a critical role of the Arabidopsis THO complex in preventing ectopic MMC formation. We showed that the THO complex and RDR6 control MMC differentiation through the TAS3-derived ta-siRNA, tasiR-ARF (ARF, AUXIN RESPONSE FACTOR), which spatially restricts ARF3 expression in ovule primordia. tasiR-ARF-resistant ARF3 was expressed in a pattern similar to that of wild-type ARF3 in the tex1 mutant and led to supernumerary MMCs. Furthermore, the expression patterns of the THO complex component TEX1, as well as those of ARF3, implicate signaling from L1 to L2 in MMC specification. Our findings reveal the identity of a small-RNA species that serves as a critical player in MMC specification in Arabidopsis.
RESULTS

Isolation of an rdr6 Enhancer Mutant
To identify additional genes functioning in MMC differentiation, we conducted an EMS mutagenesis screen for enhancers and suppressors of the rdr6-11 mutant, which harbors a premature stop codon that would truncate three-fourths of the protein [8] . This mutant exhibited two MMCs in pre-meiotic ovules at a higher frequency than that in the wild-type [7] (15.8% in rdr6-11 versus 3.6% in the wild-type under our growth conditions; Figures 1A and 1B) . We isolated one mutant, j66, which produced more than one (two or even three) MMC-like cells at a percentage of 44.5%, higher than that in rdr6 ( Figures 1C and 1D) .
To exclude the possibility that the two cells are products of meiosis I rather than two MMCs, we examined whether the enlarged MMC-like cells appear prior to meiosis I. We performed immunostaining for the meiosis I markers DMC1 [12, 13] and ASY1 [14] , which are specifically expressed in the megasporocyte undergoing meiosis. The positive controls (ovules at the meiotic stage) showed specific signals in the MMC, allowing us to confidently identify pre-meiotic ovules by the absence of signals ( Figures 1E-1H ). Further examination of the pre-meiotic ovules found the presence of MMC-like cells in j66, suggesting that they appeared in the ovule primodia at the pre-meiotic stage ( Figures 1E-1H) . Thus, the enlarged cells are not products of meiosis I.
To determinate whether one or all MMC-like cells in j66 were capable of undergoing meiosis, we analyzed callose deposition, a reliable marker for MMCs undergoing meiosis [15] , in wild-type and j66 ovules. Consistent with previous observations, callose was deposited in the transverse walls between the functional megaspore and its degenerated sister cells in wild-type ovules during meiosis ( Figures 1I and 1J) . In post-meiotic j66 ovules, callose was only detected in the adjacent walls between the single functional megaspore and the degenerated neighboring cells, but not at the additional, abnormally enlarged cell ( Figures  1K and 1L ). Therefore, despite the fact that several cells differentiated into enlarged cells like the MMC before meiosis in j66 ovules, only one underwent meiosis.
Female gametophyte development consists of two main phases: megasporogenesis followed by megagametogenesis. During Arabidopsis megasporogenesis, the diploid MMC undergoes meiosis and gives rise to haploid megaspores. During megagametogenesis, one of the megaspores, i.e., the functional megaspore, develops through three rounds of mitosis into the mature female gametophyte, which contains one egg cell, one central cell, two synergids, and three antipodal cells ( Figures  1M-1P ) [16] . At the onset of megagametogenesis, i.e., at the stage of functional megaspore formation, only one functional megaspore and the remnants of the three degenerated megaspores could be observed in wild-type ovules. But in j66, the functional megaspore was flanked by abnormally enlarged cells at a frequency of 24.5% ( Figure 1Q ). Such enlarged cells were also observed in the ovule at subsequent stages in j66 ( Figures  1R and 1S ). The number of ovules with abnormally enlarged cells decreased with the progression of ovule development. Despite this decline, mature j66 FGs exhibited twin embryo sacs at a low frequency (2.5%) ( Figure 1T ). This phenotype was never observed in the wild-type (0 out of 323).
In addition to the defects in female gametophyte development, we also observed a variety of abnormalities in other aspects of development in j66. Compared with the wild-type, j66 showed wider and serrated leaves, protruding pistils, shrunken siliques, and aborted seeds (Figures 2A-2F ). To elucidate the cause for the reduced fertility, we carried out reciprocal crosses between the wild-type and j66. Pollination of j66 plants with wildtype pollen produced nearly full-length siliques, and vice versa ( Table S1 ), suggesting that both male and female gametophytes in j66 were fully functional. To further confirm this, we examined embryo sac morphology and pollen activity in j66. In j66, 96.3% of ovules harbored a normal embryo sac with obvious synergids, an egg cell, and a central cell as in the wild-type (98.2%) ( Figures  2G and 2H ). Pollen viability in j66 was normal as shown by Alexander's staining ( Figures 2I and 2J) . Thus, the reduced fertility in j66 was not attributable to abnormal gametophyte development. Rather, it might be due to the failure of pollen to reach the pistil stigma because stamens were shorter than pistils. In conclusion, the supernumerary MMC phenotype in j66 did not affect ovule fertility.
TEX1 Represses MMC and Gametophytic Cell Fate
To pinpoint the causal mutation, we crossed j66 to the parental genotype, rdr6-11. Bulked segregants from F2 of the backcross were used for next-generation sequencing for candidate gene identification. According to the method reported by Zhu et al. [17] , we got 18 SNPs. Among these, 12 were in intergenic regions, one was in a TE, two were in intron regions (not splicing acceptor or donor sites), two were in exons of two genes, and one disrupted an intron acceptor site of TEX1. The two exon SNPs altered single amino acids (glycine to arginine for one SNP and arginine to cysteine for the other one), whereas the SNP in TEX1 was expected to result in a frameshift followed by premature translation termination, which made it the best candidate SNP. The G-to-A mutation at the splice acceptor site in the sixth intron of the TEX1 (AT5G56130) gene, a component of the Arabidopsis THO/ TREX complex [18, 19] , was designated as tex1-5 ( Figure S1A ). The mutation resulted in a single base deletion in exon 7 due to the use of an alternative splice acceptor site, as validated by RT-PCR followed by sequencing ( Figure S1C ). The deletion caused a frameshift from amino acid 171 followed by translation termination soon after. To verify whether the mutation in TEX1 was indeed the causal mutation, we crossed j66 to the wild-type and separated tex1-5 from rdr6-11 ( Figure S1D ) and examined the MMC phenotype of tex1-5. We found that tex1-5 ovules displayed more than one MMC-like cell at a frequency of 27.8% ( Figure 3A ). In addition, a transfer DNA (T-DNA) insertion line in the Columbia (Col) background (SALK_100012; hereafter referred to as tex1-4) [19] was obtained from the Arabidopsis Biological Resource Center [20] . In tex1-4, the T-DNA insertion site was located between the second and third exons of TEX1 ( Figure S1A ). Pre-meiotic ovules in tex1-4 showed multiple MMC-like cells at a frequency of 23.7% ( Figure 3B ), significantly higher than that in the wild-type. The pTEX::TEX-GFP fusion construct complemented the MMC defects of tex1-5 ( Figure S2 ), indicating that TEX1 plays a critical role in MMC differentiation.
To determinate whether the supernumerary MMC-like cells in tex1 acquired MMC identity, we first examined the expression of pKUN::KNU-Venus, a marker of MMC identity [21] , in tex1-5. KNU-Venus was detected in the single MMC of wild-type ovule primordia ( Figure 3K ). In tex1-5, KNU-Venus was observed in multiple cells in 22% of ovules, suggesting that the additional, enlarged MMC-like cells in pre-meiotic tex1 ovules acquired MMC identity ( Figure 3L ).
Furthermore, we carried out whole-mount immunolocalization using anti-AGO9 antibodies. AGO9 was shown to localize in the cytoplasm in cells surrounding the MMC but in the nucleus of the MMC ( Figure 3C ); thus, the nuclear localization of AGO9 serves as a marker for MMC [11] . We observed that in 12.2% of rdr6-11 ovules, nuclear localization of AGO9 was detected in more than one cell ( Figure 3D ), consistent with previous observations [11] . Similarly, nuclear AGO9 localization was also observed in several cells in 20% of tex1-5 ovules ( Figure 3E ), implying that the enlarged MMC-like cells gained MMC identity in tex1-5 ovule primodia. The AGO9 localization analysis and the KNU-Venus expression analysis gave nearly identical results.
To examine whether the ectopic MMC-like cells present in tex1 were capable of undergoing meiosis, we examined callose deposition. Callose was only observed in the intermediate walls of daughter cells from one MMC in tex1, but not in the additional MMC-like cells ( Figures 3G-3J ). In addition, we carried out immunolocalization using antibodies against DMC1, which is specifically expressed in the megasporocyte undergoing meiosis in wild-type ovules ( Figure 3M ) [12, 13] . In ovules of tex1-5, the DMC1 signal was only detected in one MMC, not in the ectopic MMC-like cells (Figure 3M 0 ). These results indicated that although several cells differentiated into MMC-like cells in premeiotic tex1 ovules, only one underwent meiosis. Table S1 .
Abnormally enlarged cells were also observed adjacent to the functional megaspore in post-meiotic tex1-5 ovules ( Figures 3N  and 3N 0 ). Two narrowed embryo sacs were observed in a small subset of mature ovules, phenocopying j66 ( Figures 3O and  3O 0 ). To determine whether the enlarged cells in tex1-5 ovules at megagametogenesis acquired gametophytic cell identity, we examined the expression of pAKV:H2B-YFP (YFP, yellow fluorescent protein) [22] , a marker expressed in the nuclei of the functional megaspore and the developing female gametophyte, but not in the MMC or in the three meiotically derived, The numbers indicate the number of ovules with phenotypes represented by the images out of the total number of ovules examined. The differences between the wild-type and mutants were significant as determined by Student's t test (p < 0.05). Scale bars, 10 mm (A-M 0 ) and 20 mm (N-Q 0 ). See also Figure S1 , S3, and S4 and Table S2 . degenerated megaspores ( Figure S3 ). In tex1-5 ovules, the abnormally enlarged cells adjacent to the functional megaspore displayed the expression of the marker gene ( Figure 3P ). Ectopic YFP signals were also detected in ovules at subsequent stages ( Figure 3P 0 ). YFP signals were even detectable in numerous nuclei seemingly localized in different embryo sacs ( Figures 3Q  and 3Q 0 ). These results indicated that the aberrant cells present in tex1 acquired gametophytic cell identity without undergoing meiosis.
In addition to female gametophytic defects, we also observed other abnormalities in tex1, including wider leaves, protruding pistils, and aborted seeds, similar to those in j66 (Figures S4A-S4E ). Seed set was normal in reciprocal crosses between the wild-type and tex1-5 ( Table S2 ), suggesting that the male and female gametophytes were functional in tex1-5. This was consistent with normal embryo sac morphology and pollen viability in tex1-5 ( Figures S4F and S4G) . tex1-4 also exhibited phenotypes similar to tex1-5 ( Figures S4H-S4K ).
Dynamic Expression Patterns of TEX1 in Ovules
We studied the localization of the TEX1 protein using a TEX1-GFP fusion driven by the TEX1 promoter. The pTEX1::TEX1-GFP fusion construct complemented the leaf, inflorescence and MMC number defects of the tex1-5 mutant, indicating that the fusion protein was functional ( Figure S2 ).
At the megasporogenesis stage, TEX1 accumulated in the nuclei of the epidermal cell layer of ovules ( Figure 4A ). When ovules entered megagametogenesis, the TEX1-GFP fusion protein was located in the nuclei of the functional megaspore at the female gametophyte 1 (FG1) stage, when the functional megaspore first became visible ( Figure 4B ). The nuclear GFP signal in the functional megaspore could be detected up to FG5, when the third mitotic division was completed ( Figures  4C-4E ). At the FG6 stage, when two polar nuclei fused into a central nucleus, GFP was detected in the nuclei of the central cell and antipodal cells, but not in the egg cell and synergids (Figure 4F) . At the FG6 and FG7 stages, the signal in the central cell disappeared and the GFP signal was only detected in antipodal cells ( Figures 4G and 4H) . With the maturation of ovules, GFP was not detectable in ovules perhaps as a consequence of the degeneration of antipodal cells. Therefore, the results suggested that after cellularization of the embryo sac, the expression of TEX1 ceased in a stepwise manner along the micropylarchalazal axis.
The THO/TREX Complex Is Involved in MMC Differentiation TEX1 encodes a component of the THO complex identified first in yeast, in which the complex is composed of four proteins (HPR1, THO2, THP1, and MFT1) and is associated with TEX1 and the mRNA export factors SUB2 and YRA1, forming a larger complex termed TREX (transcription export) [23, 24] . Although TEX1 is not generally considered a core component of the THO complex, it is tightly associated with the THO complex in yeast [25] . THO/TREX is conserved in all eukaryotes. The human TREX (hTREX) complex is composed of the multimeric THO (hTHO) complex, containing hHPR1/THOC1, THOC2, THOC5, THOC6, THOC7, and hTEX1/THOC3, the DEAD-box RNA helicase SUB2, and the mRNA export adaptor protein YRA1/THOC4 [26] . In Arabidopsis, through immunoprecipitation of hemagglutinin (HA)-tagged TEX1 followed by mass spectrometry, peptides from all other THO complex core subunits (HPR1, THO2, THO5, THO6, and THO7) were identified, indicating that these proteins also form a protein complex in plants [19] . To test whether TEX1 exerts its function in MMC specification through the THO/TREX complex, we examined the MMC phenotype in mutants of Arabidopsis genes encoding homologs of HPR1and THO6. If the THO/TREX complex is involved in MMC specification, these mutants are expected to phenocopy the tex1 alleles described above. The rationale for selecting these two genes rather than other subunits for analysis was that they are present as single copies in the Arabidopsis genome such that our genetic analysis is not complicated by genetic redundancy. The hpr1-6 mutant carried a G-to-A mutation in the sixteenth exon of HPR1; this mutation introduced a premature stop codon (Figure S1B ; Y.Z., S.L, and X.C., unpublished data). The tho6 mutant, namely thoc6-1, harbored a T-DNA insertion in the first exon (SALK_051022). These mutants both showed enlarged cells adjacent to the MMC at a higher frequency than that in the wild-type (Figures 5A and 5B) . The findings that supernumerary MMC-like cells were present in tex1, hpr1, and tho6 indicated that a complex including the THO core is required for MMC differentiation in Arabidopsis.
To examine whether one or all of the enlarged cells in hpr1 and thoc6 acquired MMC identity and whether they had the capability to undergo meiosis, we examined the expression of pKNU::KNU-Venus in the ovules from these mutants and performed immunolocalization using antibodies against AGO9 and DMC1. The results showed that the enlarged cells adjacent to the MMC exhibited MMC identity, as they expressed KNU-Venus and showed nuclear AGO9 ( Figures 5C-5F ), whereas only one cell underwent meiosis, as evident by DMC1 staining (Figures 5G and 5H) , consistent with the observations in tex1.
Loss of Function in TAS3 Results in Supernumerary MMC Formation
It is known that the THO complex is involved in ta-siRNA biogenesis [18, 19] . ta-siRNAs are a class of endogenous siRNAs that regulate target genes other than their originating loci [27] . In Arabidopsis, there are four TAS family genes (TAS1-TAS4) encoding transcripts targeted for cleavage by different microRNAs (miRNAs). The TAS1 genes (TAS1A, TAS1B, and TAS1C) and TAS2 are targets of miR173; TAS3A, TAS3B, and TAS3C are targets of miR390; and TAS4 is a target of miR828 [8, [28] [29] [30] . The TAS transcripts undergo miRNA-guided cleavage, and the cleavage fragments are stabilized by SUPPRESSOR OF GENE SILENCING3 and converted into double-stranded RNA (dsRNAs) by RDR6 [31] , and the dsRNAs are further diced into ta-siRNAs. The THO/TREX complex is thought to transport ta-siRNA precursors from the nucleus to the subcellular location where their processing into siRNAs takes place [19] .
TAS3 plays critical roles in the morphogenesis of organs with polarity. The TAS3-derived ta-siRNA, tasiR-ARF, targets the ARF family members ARF2, ARF3, and ARF4, which regulate leaf polarity, floral stem cell maintenance, and lateral root growth [32] [33] [34] [35] [36] . Ovules emerge from the placental tissue inside the gynoecium of flowers. At the early stage, ovules grow as radially symmetrical, cylindrical primordia, which further differentiate along proximaldistal, mediolateral, and adaxial-abaxial axes. Three structural elements, the funiculus, chalaza, and nucellus, can be distinguished along the proximal-distal axis. The asymmetric initiation of the outer integument marks the switch to adaxial-abaxial development, which leads to the formation of a bilaterally symmetrical (instead of radially symmetrical) ovule ( Figure 7A ) [37] .
Considering the information above, we investigated whether TAS3 could account for the role of the THO complex and RDR6 in suppressing the number of MMCs. First of all, we performed northern blotting to determine the levels of tasiR-ARF in rdr6, tex1, and j66 inflorescences. As expected, tasiR-ARF abundance was reduced in tex1 and rdr6 and further reduced in j66 ( Figure 6A ). We next examined whether loss-of-function mutants in TAS3 phenocopy tex1 and rdr6 in having supernumerary MMCs. There are three TAS3 loci in Arabidopsis, TAS3A (AT3G17185), TAS3B (AT5G49615), and TAS3C (AT5G57735). To determine which one might function in MMC specification, we examined the expression of these genes in pistils at the MMC stage using real-time RT-PCR. TAS3A and TAS3B were expressed in pistils, whereas TAS3C was not ( Figure S5A ). For TAS3A, we identified two mutant lines, GK-621G08 (tas3a-1) and GK-723C07 (tas3a-2), in which the TAS3a transcript levels were reduced to 10% and 50%, respectively, in comparison with wild-type plants ( Figure S5B ). For TAS3B, we identified one mutant, GK-649H12 (tas3b), in which the TAS3B transcript was not detectable (Figure S5C) . All of these tas3 mutants showed supernumerary MMC-like cells in ovule primordia (Figures 6B-6D) . Therefore, TAS3 is involved in the regulation of MMC differentiation.
Ectopic Expression of ARF3 Phenocopies the MMC Defects in tex1, rdr6, and tas3 As TAS3-derived tasiR-ARF targets ARF2, ARF3, and ARF4 [29] , we hypothesized that the supernumerary MMC-like cells in tas3 mutants were due to deficiencies in the regulation of the ARFs. To test our hypothesis, we examined the MMC phenotype in an ARF3::ARF3m-GFP line that expresses a tasiR-ARF-insensitive mutant with silent mutations in the ''A'' and ''B'' target sites in ARF3 [38] ; these mutations do not affect the amino acid sequence of the protein, but eliminate or diminish the ability of tasiR-ARF to repress ARF3 [36] . This line exhibited ectopic MMClike cells in ovule primordia at a frequency of 19.3% ( Figure 6E) . Moreover, the expression of KNU-Venus in multiple cells suggests that the enlarged cells acquired MMC identity ( Figures 6F  and 6G ). We also observed abnormally enlarged cells adjacent to the functional megaspore at later stages in ovule development ( Figure 6H ). These results suggested that the MMC defects of tas3 mutants could be due to the de-repression of the targets of TAS3-derived tasiR-ARF.
Thus, we tested whether defects in tasiR-ARF biogenesis in tex1 and rdr6 could account for the MMC defects in these mutants. We determined the expression level of ARF3 in tex1 and rdr6 mutant pistils at the MMC stage using real-time RT-PCR. We observed that ARF3 transcripts accumulated to higher levels in tex1 and rdr6; similar results were also observed in the tas3a-1, tas3a-2, and tas3b mutants ( Figures 6I and 6J) . Therefore, tex1, rdr6, and tas3 mutants all exhibited de-repressed ARF3 expression, which was consistent with reduced tasiR-ARF levels. We reasoned that if the de-repression of ARF3 was indeed the cause of the multiple-MMC phenotype in tex1, rdr6, and tas3, loss of function in ARF3 should rescue the MMC defects in these mutants. To test this, we crossed an arf3 mutant (SALK_005658C) to tex1 and obtained the arf3 tex1 double mutant. The double mutant showed multiple MMCs in ovules at a frequency of 5.2% (n = 216), which was similar to that in wild-type and lower than the frequency in tex1. Taken together, these results indicate that the THO complex controls MMC differentiation through the repression of ARF3 by TAS3-derived tasiR-ARF in Arabidopsis.
ARF3 Distribution Is Spatially Patterned by TAS3 in Ovules
To elucidate the function of TAS3 in MMC specification, we analyzed the expression patterns of ARF3::ARF3-GFP and ARF3::ARF3m-GFP, which were sensitive and resistant to tasiR-ARF, respectively. In order to elaborate the expression patterns clearly, we divided the MMC phase of ovule development into three stages: stage 1, characterized by the lack of integument initiation; stage 2, marked by inner integument initiation only; and stage 3, distinguished by having both inner and outer integuments ( Figure 7A) .
At stage 1, the ovule emerges as a radially symmetrical structure with proximal-distal and mediolateral polarities. Along the proximal-distal axis, ARF3-GFP and ARF3m-GFP were both detected in the central chalazal region. Along the mediolateral axis, ARF3-GFP was restricted to the medio side of ovules, whereas ARF3m-GFP was detected on both the medio and lateral sides ( Figures 7B, 7C, 7B 0 , and 7C 0 ). At stage 2, along the proximal-distal axis, ARF3-GFP and ARF3m-GFP were both expressed in the central chalazal domain. Along the mediolateral axis, similar to the expression pattern at stage 1, a more expanded domain of ARF3m-GFP signal from the medio side to the lateral side was observed, as compared to that of ARF3-GFP ( Figures 7D, 7E, 7D 0 , and 7E 0 ). At stage 3, along the proximal-distal axis, ARF3-GFP was expressed mainly in the central chalaza of ovules, as in stages 1 and 2. However, ARF3m-GFP was detected both in the central chalaza and the distal nucellus [39] , including the cells adjacent to the MMC, but not in the MMC. Along the mediolateral axis, the expression patterns of ARF3-GFP and ARF3m-GFP were similar to those of stages 1 and 2. The ovule at this stage was characterized by adaxial-abaxial polarity with the asymmetrical initiation of the outer integument. ARF3-GFP and ARF3m-GFP showed no differences along the adaxial-abaxial axis ( Figures 7F, 7G, 7F 0 , and 7G 0 ). To sum up, ovules initiate as radially symmetrical, cylindrical primordia. At the early stage, tasiR-ARF regulates ARF3 expression in the chalazal region, the central part of ovule along the proximal-distal axis. They restrict ARF3 expression to the mediochalazal domain. At a later stage, with the initiation of integuments, tasiR-ARFs not only confer the medio distribution of ARF3 in the chalazal region, but also restrict ARF3 expression to the chalazal region along the proximal-distal axis by preventing its expression in the nucellus. Moreover, it should be noted that ARF3 shows no distribution bias along the adaxial-abaxial axis at the MMC phase of ovule development. Since ARF3::ARF3m-GFP plants displayed supernumerary MMCs at the early stage, it is likely that suppression of the expression of ARF3 in lateral epidermal cells is important for limiting excessive MMC formation.
Furthermore, we examined the expression pattern of ARF3-GFP in tex1. As shown in Figures 7B 00 -7G 00 , at the early stage of ovule development, ARF3-GFP was detected in the central chalaza of an ovule along the proximal-distal axis in tex1 as in the wild-type. However, along the mediolateral axis, the expression of ARF3-GFP in tex1 extended laterally to the epidermal cells, which was similar to the pattern of ARF3m-GFP.
DISCUSSION
Germline specification is a crucial step in the life cycle of all sexual organisms. Within the female reproductive organs in plants, the formation of the MMC marks the developmental switch from the sporophytic (''somatic'') fate to the reproductive or ''germline'' fate. How somatic cells interact among themselves to ensure that only one cell in the sub-epidermal layer differentiates into the MMC remains unknown. In this study, we uncovered a role of the THO complex in restricting the MMC fate and revealed that THO acts through the TAS3-ARF3 module.
TEX1 Acts Redundantly with RDR6 to Regulate MMC Specification It was reported that the loss-of-function mutant rdr6-11 produces ectopic MMCs and supernumerary female gametophytes at a certain frequency much less than 100% [7] , suggesting that there must be redundancy in the genetic mechanisms that restrict MMC specification to only one cell in the subepidermal layer. Using EMS mutagenesis and genetic screening in the rdr6-11 background, we found that the ectopic MMC phenotype was much more severe in the rdr6-11 tex1 double mutant than in tex1 or rdr6-11 single mutants, suggesting that TEX1 acts redundantly with RDR6 in regulating MMC specification.
Both RDR6 and TEX1 have been demonstrated to function in the biogenesis of ta-siRNAs [8, 9, 18] . In this study, we found that TEX1 regulates MMC specification through the TAS3-ARF3 module. Since mutations in the two genes behaved in an additive manner in terms of the MMC specification defects, this implied (B 00 -G 00 ) Expression patterns of ARF3::ARF3-GFP in tex1-5 ovules at stages 1 (B 00 and C 00 ), 2 (D 00 and E 00 ), and 3 (F 00 and G 00 ). that the two mutations also might act in an additive manner in terms of tasiR-ARF biogenesis. The rdr6-11 allele is predicted to encode an RDR6 protein only one-fourth of the full-length protein, so rdr6-11 should be a null allele. It was reported that tasiR-ARF was absent in rdr6-11 [40] , which was different from the results in this study, since a weak tasiR-ARF signal could be detected in our assay ( Figure 6A ). It is worth noting that tasiR-ARF was examined in inflorescences in our study but in seedlings or leaves in previous studies [38, 40] . It is possible that, to a certain extent, some other RDRs (such as RDR2) take the place of RDR6 in the biogenesis of tasiR-ARF in inflorescences when RDR6 function is absent. We found that the mutation in TEX1 induced a further decrease in tasiR-ARF levels in the rdr6-11 background; the additive effects of the tex1 and rdr6 mutations in tasiR-ARF levels is consistent with our model, in which TEX1 and RDR6 regulate MMC specification redundantly through the TAS3-ARF module.
TAS3 Patterns Cell-Type-Specific Expression of ARF3 to Prevent Excessive MMC Formation tasiR-ARF, encoded by TAS3, targets ARF2, ARF3, and ARF4 to play critical roles in leaf polarity specification, lateral root formation, and floral stem cell termination [32] [33] [34] [35] . In this study, we found that TAS3 patterns the distribution patterns of ARF3 in ovule primordia to regulate MMC specification. We found that loss of function of TAS3A or TAS3B or expression of TAS3-resistant ARF3 resulted in multiple MMC-like cells in ovule primordia. This provided strong evidence for a role of tasiR-ARF in preventing ectopic MMC specification. However, tasiR-ARF biogenesis requires DICER-LIKE4 (DCL4), and it was reported that supernumerary MMCs were not found in dcl4 mutants [7] . We speculate that the absence of MMC defects in dcl4 is most likely owing to DCL2 and DCL3, which are known to contribute to RDR6-dependent ta-siRNA production in the absence of DCL4 [41] .
TAS3 patterns the cell-type-specific expression of ARF3. At an early stage of ovule development, when MMC specification takes place, tasiR-ARF regulates ARF3 expression along the mediolateral axis in the chalazal area. Without the control by TAS3, ARF3 expression extends laterally to the epidermal cells, and this is accompanied by ectopic MMC formation in the subepidermal layer. It seems that the restriction of ARF3 expression to medio chalaza, i.e., prevention of ARF3 expression in the epidermal cells, is important for proper MMC specification.
Here we propose a model of germline formation regulated by ARF3 in developing ovules of Arabidopsis ( Figure S6 ). In the wild-type, epidermal (L1) cells in a young ovule primordium produce a signal ''Y,'' which serves as a determinant to prevent the L2 cells adjacent to the MMC from differentiating into MMCs ( Figure S6A ). The expression of ARF3 in epidermal cells, due to insensitivity to tasiR-ARF or reduced tasiR-ARF levels, represses the production of ''Y,'' therefore releasing the inhibition on the cells next to the MMC ( Figure S6B ). This model parallels the one proposed for AGO9, which also restricts ectopic MMC specification. AGO9 is thought to associate with 24-nt siRNAs produced in epidermal cells to prevent the cells adjacent to the MMC from acquiring MMC identity [7] . Thus, epidermal cells might have an important function in the specification of MMC identity.
Auxin is a key phytohormone that controls numerous developmental processes in plants [39, 42] . It was reported that auxin is concentrated in the apical epidermal cell layer of the nucellus in ovule primordia [43] . The supernumerary MMCs induced by ectopic expression of ARF3 and the polar distribution of auxin in ovule primordia at the MMC stage reported previously hint at a role of auxin in regulating MMC specification.
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repression of ETTIN and ARF4 regulates heteroblasty in Arabidopsis. Development 133, 2973-2981. Cat#EP0441) were used to synthesize cDNA. All procedures used were according to the manufacturers' instructions. Quantitative PCR was performed on a Bio-Rad IQ cycler apparatus using iQ SYBR Green Supermix (Bio-Rad, Cat#170-8882). The primers used for RT-qPCR are listed in Table S3 . The PCR cycle conditions used for quantitative PCR were as follows: 95 C for 5 min followed by 35 cycles of 95 C for 10 s, 60 C for 15 s, and 72 C for 15 s. ACTIN2 was used to normalize mRNA levels in RT-qPCR reactions reported in this study. For each qPCR analysis, six reactions were performed (two technical replicates for three biological replicates).
DIC observation of ovule structure
For phenotypic analysis of ovules, inflorescences from 6-8 plants of wild-type, mutants or transgenic line were fixed in FAA overnight or longer, then the pistils were dissected from the flowers at stages 8 to 13 [45] in a drop of chloral hydrate solution (chloral hydrate: H 2 O: glycerol = 8:2:1). Images of the cleared ovules were taken with an Olympus (BX63) microscope with DIC optics using a 40x objective.
Preparation of ovules for confocal laser scanning microscopy Ovules from stages 1-III to 3-I [46] were dissected, stained in 40% glycerol with 5 mM FM4-64 for 5 min, and analyzed using a Leica TCS SP5 microscope. For the expression pattern analysis of pTEX1::TEX1-GFP, more than five independent transgenic lines were observed. All of them showed the same patterns.
Callose detection
Aniline blue staining for callose detection in the megaspores was carried out as previously described [13] with minor modifications. Inflorescences from 5-8 plants for each genotype were fixed in FAA for 16 hr, and stained in 0.1% aniline blue in 100 mM Tris (pH 8.5) for 8 to 12 hr. Stained pistils were dissected on a slide, mounted in 30% glycerol and observed with an Olympus (BX63) microscope under UV light (365-nm excitation and 420-nm emission). Two biological replicates were performed.
Whole-mount immunolocalization with ovules
Ovules were dissected from pistils of stages 9-11 flowers, fixed, and processed according to the recently published protocol [47] . The AGO9 primary antibody (Agrisera, AS10673), DMC1 primary antibody and ASY1 primary antibody (from Yingxiang Wang's Lab) were used at a dilution of 1:100. The secondary antibody AlexaFluorÒ 488 (Molecular Probes) was used at a dilution of 1:300. The samples were stained with propidiumiodide (500mg/mL) before mounting. Images were captured using a confocal microscope (Leica TCS SP5). For PI detection, excitation and emission were at 568 nm and 575-615 nm, respectively. For Alexa FluorÒ 488 detection, excitation was at 488 nm and emission was at 500-550 nm. Laser intensity and gain were set at the same levels for all genotypes observed.
DMC1 primary antibody was provided by ABclonal Technology. For the preparation of DMC1 antibody, the whole AtDMC1 protein with 344aa was used as antigen and the recombinant protein was purified with GST Agarose (ABclonal Technology, Cat#AS044).
30-40 pistils from each genotype were subjected to immunostaining with each antibody (i.e., AGO9, DMC1 or ASY1). Two biological replicates were performed for the immunostaining with each antibody.
Plasmid Construction and plant transformation
For the construction of pTEX1::TEX1-GFP, 2 kb sequence upstream of TEX1 was amplified as the promoter from wild-type genomic DNA using the primers TEX1_pro_F and TEX1_pro_ R. For the CDS region, a 948 bp cDNA sequence was amplified using primers TEX1_CDS_F and TEX1_CDS_R. The pTEX1::TEX1 fragment was generated by PCR using a mixture of promoter and CDS PCR products as the template. The pTEX1::TEX1 fragment was then cloned into the pDONR 207 vector (Invitrogen). The insert was then recombined into the destination vector pGWB504 [48] using LR Clonase II (Invitrogen).
Small-RNA northern blot analysis
To determine the levels of tasiR-ARF in rdr6, tex1 and j66, inflorescences from approximately 15 plants for each genotype were collected and used to extract RNA. Two biological replicates were performed. For the northern blot analysis, ten microgram total RNA from the inflorescences above was resolved in a denaturing polyacrylamide gel and transferred to membrane. An oligonucleotide complementary to tasiR-ARF was end-labeled with g-32 P to detect mature tasiR-ARF. U6 was used as the loading control. The signal intensities of the blots were quantified using the ImageJ processing and analysis software (https://rsbweb.nih.gov/ij/).
QUANTIFICATION AND STATISTICAL ANALYSIS
For phenotypic quantification, the numbers of ovules with defects (as shown in the figure panels of Figures 1, 2G, 2H, 3, 5, 6 , S2D, and S4F) as well as the total numbers of ovules examined were recorded.
Statistical analysis was performed using Student's t test, with p values less than 0.05 being considered significant for any set of data.
